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ABSTRACT

Context. In gamma-ray binaries such as LS 5039 a large number of efeptwsitron pairs are created by the annihilation of primar
very high energy (VHE) gamma-rays with photons from the rivasstar. The radiation from these particles contributethéototal
high energy gamma-ray flux and can initiate a cascade, déngethe &ective gamma-ray opacity in the system.

Aims. The aim of this paper is to model the cascade emission andtigage if it can account for the VHE gamma-ray flux detected
by HESS from LS 5039 at superior conjunction, where the pryjngamma-rays are expected to be fully absorbed.

Methods. A one-dimensional cascade develops along the line-oftffige deflections of pairs induced by the surrounding mégne
field can be neglected. A semi-analytical approach can teemdopted, including theffiects of the anisotropic seed radiation field
from the companion star.

Results. Cascade equations are numerically solved, yielding thsityeof pairs and photons. In LS 5039, the cascade contdbuti
to the total flux is large and anti-correlated with the orbiteodulation of the primary VHE gamma-rays. The cascade sions
dominates close to superior conjunction but is too strorfgetocompatible with HESS measurements. Positron anniilatbes not
produce detectable 511 keV emission.

Conclusions. This study provides an upper limit to cascade emission inngafray binaries at orbital phases where absorption is
strong. The pairs are likely to be deflected or isotropizethkyambient magnetic field, which will reduce the resultingssion seen
by the observer. Cascade emission remains a viable exjgariat the detected gamma-rays at superior conjunctiorSrbQ39.

Key words. radiation mechanisms: non-thermal — stars: individual5039 — gamma rays: theory — X-rays: binaries

1. Introduction The VHE modulation in LS 5039 was explained in Dubus
et al. (200B) using phase-dependent absorption and inverse
ompton emission, ignoring thefect of pair cascading. This
fodel did not predict any flux close to superior conjunctiaa,
where the massive star lies between the compact object and th
Yserver. This is contradicted by HESS observations (Atiaro
et al.|20064a). Interestingly, this mismatch intervenestetsps
whereyy-opacity is known to be large,, > 1. The develop-
Thent of a cascade could contribute to the residual flux oleserv

The massive star in gamma-ray binaries plays a key role in
formation of the very high energy (VHE,100 GeV) radiation.
The large seed photon density provided by the O or Be comp
ion star, contributes to the production of gamma-nagsnverse
Compton scattering on ultra-relativistic electrons aecakd in
the systemég. in a pulsar wind or a jet). The same photon

annihilate with gamma-rays, leading to electron-positpairs in the system, with secondary gamma-ray emission fillingpmn f

) ey i ron-|
productiony + y — €'+ €. In some tight binaries such as he highly absorbed primary gamma-rays. This possibiliasw

LS 5039, this gamma-ray absorption mechanism is stron@if’;h o >
P ! _Proposed to explain this discrepangy (Aharonian ¢f al. P06
VHE emission occurs close to the compact object. Gamma d is quantitatively investigated here in this article.

absorption can account for the presence of an orbital medula ) T T
tion in the VHE gamma-ray flux from LS 5039, as observed by 1he ambient magnetic field strength has a critical impact on
é%l_e development of pair cascading. If the magnetic fielchsfie

HESS [Battcher & DermHr 20PF; Bedndlek 20p6; Difous 2004

i5 small enough to neglect the induced deflections on pair tra

A copious number of pairs may be produced in the surrounigctories then the cascade develops along the line of s j
ing medium as a by-product of the VHE gamma-ray absorptioR9 the primary source of gamma-rays and a distant observer.
If the number of pairs created is large enough and if they haVge particles do not radiate synchrotron radiation. Cascat:
enough time to radiate VHE photons before escaping, a sifélations are then reduced to a one-dimension problem. uch
able electromagnetic cascade can be initiated. New gémesat Situation would apply in an unshocked pulsar wind where the
of pairs and gamma_rays are produced as |0ng as the Secon@gﬂlgﬁ are cold relative to the magnet|c field Carne-d N tthN|
particles have enough energy to boost stellar photons laeydris paper explores the development of an one-dimensiaal p
the pair production threshold energy. Because of the anjsiot  cascade in a binary and its implications.
stellar photon field in the system, the inverse Compton radia Previous computations of cascade emission in binary envi-
tion produced in the cascade has a strong angular dependerar@ment were carried out by Bedndrék (1997); Sierpowska &
The cascade contribution depends on the position of thegoyim Bednarek [(2005)} Aharonian et{al. (20D6p); Bednajek (2006,
gamma-ray source with respect to the massive star and adisg007); [Orellana_et &l.| (20p7), Khangulyan et[ al. (3008);
observer. Sierpowska-Bartosik & Torreq (2009); Zdziarski ef al. (900
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Fig. 1. This diagram describes the system geometry. A gamma-
ray photon of energy; from the primary source (compact ob- 0.0 Lot e " L
ject) interacts with a soft photon of energyat a distance from 108 10° 10° 10" 10?2  10'®
the source an® from the massive star (assumed point-like and e, (eV)

mono-energetic), producing a pa&t/e” boosted toward a dis-

tant observer. The system is seen at an apgle Fig. 2. Cascade development along the path to the observer. The

primary source of photons, situated at the location of the-co

Except for[Aharonian et al[ (2006b), all these works are thasB2Ct Object, has a power law spectral distribution with phot
on Monte Carlo methods. One peculiarity of the gamma-ray Bdex -2 (dotted line). Spectra are computed using the param
nary environmentis that the source of seed photons for pair pt€rs @ppropriate for LS 5039 at superior conjunctior¥( 2R,
duction and inverse Compton emission is the high luminosifx = 9-3 Re, T = 39 000 K) fory: = 30°. The transmitted
companion star. This study proposes a semi-analytical o gectrum, including cascade emission, is shown at varimis d
for one-dimensional cascades calculations, taking intmact (ances from the primary source:= R, /4 (black dashed line),
the anisotropy in the seed photon field. The aim of the paperfs/2: Re, 2R+ (solid lines) and = +co (dotted-dashed line).
to investigate and compute the total contribution from pas- Pure absorbed spectra are shown for comparison (light dashe
cading in the system LS 5039, and see if it can account for ee)-
measured flux close to superior conjunction. The next sectio
presents the main assumptions and equations for cascade com
putations. The development and the anisotropieats of pair trons with energys PeV. HESS observations of LS 5039 show
cascading in compact binaries are investigated. The geofit & break in the spectrum at a few TeV so few electrons are ex-
escaping pairs and their rate of annihilation are also tated pected to interact by TPP in the cascade. Observations ef oth
in this part. The cascade contribution along the orbitin D3% gamma-ray binaries also show steep spectra but this assumpt
is computed and compared with the available observationsVil have to be revised if there is significant primary emissi
Section 3. The last section concludes on the implicatiomsmef beyond~ 10 TeV. Pair production due to high energy gamma-
dimensional cascades in gamma-ray binaries. More detmilsta rays interacting with the surrounding material is also aetgid.
pair production are available in the appendices. This occurs fory-rays> 1 MeV and the cross-section is of order
0.0401Z% cn? (seeeg. Longail [199p), withor the Thomson
cross-section. Since the measufdg is at most 18 cm2 in
2. Anisotropic pair cascading in compact binaries gamma-ray binaries, pair production on matter will nfeet
the propagation of gamma-rays towards the observer.

Due to the large velocity of the center-of-mass (CM) frame
This part examines one-dimensional cascading in the cbofexin the observer frame, the direction of propagation of peties
binary systems. The massive star sets the seed photorigadizted byyy-absorption is boosted in the direction of the ini-
field for the cascade. For simplicity, the massive star inmesl tial gamma-ray. For a gamma-ray of energy= 1 TeV, the
point-like and mono-energetic. This is a reasonable apprax Lorentz factor of the CM to the observer frame_transform is
tion as previous studies on absorptifn (Dlipus P006) and-emis ~ e1/2mec? = 10° > 1 (see the appendix, Efl. A.2). Pairs
sion 8) have shown. THieets of the magnetic produced in the cascade are ultra-relativistic with tyficaentz
field and pair annihilation are neglected (§&e5). Triplet pair factorye ~ 10° > 1. Their emission is forward boosted within
production (TPP) due to the high energy electrons or pasitroa cone of semi-aperture angle~ 1/ye < 1 in the direction of

ropagating in a soft photon fielg - e~ — e~ + e" + e, electrons. The deviations on the electron trajectory duszét-
'Mastichiadiél 1991) is not taken into account here. The @ess tering in the Thomson regime are e/MeC? < 1/ye. In the
tion for this process becomes comparable to inverse Compft€iein-Nishina regime most of the electron energy is giveth®
scattering wherEeep 2 250(mec?)? that is for electron ener- photon. It is assumed here that electrons and photons pedduc
giesE. 2 6 TeV interacting witheg ~ 10 eV stellar photons. in the cascade remain on the same line, a good approximation
With a scattering rate of abowt 102 s71, only a few pairs can sincey’ andye > 1. This line joins the primary gamma-ray
be createdia TPP by each VHE electron, before it escapes source to a distant observer (Hg. 1).
loses its energy in a Compton scattering. The created paws h  Pair cascading is one-dimensional as long as magnetic devi-
much lower energy than the primary electrons. TPP cooling rations of pairs trajectories along the Compton interadtémgth
mains indéficient compared to inverse Compton for VHE elecid;c remain within the cone of emission of the electrons. Thiscon

2.1. Assumptions
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Fig. 3. Spectra as seen by an observer at infinity, taking into addbersfect of cascading. Calculations are applied to LS 5039 at
periastron for dierent viewing angley = 30°, 60°, 9¢°, 120 and 150. Left panel: Complete spectra (solid line) are compared to
the pure absorbed (light dashed line) and injected (doitte)l $pectra. The contribution from the cascade is predenténeright
panel.

dition holds if 4ic/(2R.) < 1/ye, with R_ the Larmor radius. For The radiative transfer equation for the gamma-ray density
a typical interaction lengtiic ~ 1/(n.oic) ~ 10t cm for TeV n, = dN, /dtde;dQ2 at a distance from the source is

pairs in LS 5039, the ambient magnetic field must be lower tha| d

B < 108 G. If the magnetic field strength is much greater, pairs.” — _p, (ﬂ) + [ n,
locally isotropize and radiate in all directions. In betwepairs  dr 7 dtde;

follow the magnetic field lines and the dynamics of each paifgheren, = dN./drdE.d<Q is the electrons distributiom, the
must be followed as treated jn Sierpowska & Bedriafek (2003hed photon density from the massive star dhddtde the
The above limit may appear unrealistically stringent. He®e  compton kernel. The kernel is normalised to the soft photon
since deviations and isotropization will dilute the caseéldx, gensity and depends on the eneEgyof the electron and the an-
the one-dimensional approach can be seen as maximising dfi€between the photon and the direction of motion of the-elec
cascade; emission. More exactly, this redistribution irdulby tron (Dubus et 3/[ 2008). In the mono-energetic and poke-li
magnetic deflections would decrease the cascade flux abrdts, approximation the stellar photon density can be esgigna
phases where many pairs are produced to the benefit of phaggs, /a7cR2¢;, whereL, is the stellar luminosityeo ~ 2.7KT,
where only a few are created. Hence, the one-dimensional §fs mean thermal photon energy aRthe distance to the mas-
proach gives an upper limit to the cascade contribution a8 gjye star (see Fid] 1). The absorption réltg, /dr is given by
where absorption is strong. If the flux calculated here ugiigy £q {B:3), convoluted to the soft photon density.
assumption is lower than required by observations theragasc * The kinetic equation for the pairs is given by the following
ing will be unlikely to play a role. Finally, one-dimensidnajntegro-diterential equation foye > 1 (Blumenthal & Gould
cascading should hold in the free pulsar wind as long as [Zdziarskj 1984; D'Avezac etlql. 2G07)
pairs move strictly along the magnetic field. In Sierpowska
Bednarek[(2005) ard Sierpowska-Bartosik & Tdrfes (2008, t dne
cascade radiation is computed up to the termination shaolgus dt
a Monte Carlo approach. Sierpowska & Bednlarek (RP005) also +o0
“

Ne dEg, 1)

Ee
Mec?

include a contribution from the region beyond the shock. The
cascade electrons in this region are assumed to follow thie ma Ee
netic field lines (in contrast with the pulsar wind zone whte whereP(E,, E.) is the transition rate for an electron of enefgy
propagation is radial). There is no reacceleration at theelsh down-scattered at an energy < E atr. The first two terms on
and synchrotron losses are neglected. In the method expdunghe right side of the equation describe the inverse Compioh ¢
here, the cascade radiation is calculated semi-analytitam ing of pairs, taking into account catastrophic losses indep
a point-like gamma-ray source at the compact object lonat Klein-Nishina regime. In this case, most of the electronrgype
to infinity, providing the maximum possible contributiontble s |ost in the interaction and the scattered photon cartiesya
one-dimensional cascade in gamma-ray binaries. most of its energy since = E. — E, ~ E.. A continuous losses
equation inadequately describes sizeable stochastiedassa
single interaction|(Blumenthal & Gou|d 1970; Zdzialski 898
2.2. Cascade equations Since the inverse Compton kernel gives the probability per
electron of energ¥, to produce a gamma-ray of energy the
scattering rate can be rewritten as

dN
dtdEy’

ne(Ey) P (Eg, Ee) dEL + 2 f N« Oyy N, der,  (2)

In order to compute the contribution from the cascade, thara
tive transfer equation and the kinetic equation of the paénge
to be solved simultaneously.

P(Ee, Ee) = ni(r) ®3)
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The expression alN/dtdE, is the same as the Compton kerneTable 1. Comparison between the radiated power in the cascade
as described before but gives the spectrum of scatterelariec P, and the absorbed powBy for different viewing angle. This
instead of the outcoming photon. The first integral in Eﬂ1 (2able provides also the mean energy of pélts in the cascade

is the inverse Compton scattering rate and can be analyticalt infinity.

expressed as

e v 30 60 90 120 150
’ r

P (Be B dE. = 0ic (1) (1 - e cOSth) (4) P/P.  80% 70% 60% 40% 15%

m (E)(Gev) 400 100 70 200 1000

wherege is the electron velocity in the observer frame ang
is the total inverse Compton cross-section (for the fullresp

sion seee.g. Rybicki & Lightman[197p, Eq. 7.5). The last term  Three diferent zones can be distinguished in the cascade
in the kinetic equation is a source of pairs frgm-absorption spectra. First, below the pair production threshold engrbg-
coupled with the photon density (see the appendices). Tine pans accumulate in a low energy tail (photon index1.5) pro-
production kernegy,, is normalised to the soft photon density. duced by inverse Compton cooling of pairs. Bog 90°, a low

The anisotropic cascade can be computed by inserting #igergy cut-€f is observed due to the pairs escaping the system
anisotropic kernels for inverse Compton scattering (seefE8] (Ball & Kirk]2000; [Cerutti et a}[ 2048). This low energy cufto
in |-8) and for pair production obtained iig at about Ol GeV fory = 30°. The cutdf occurs when the cas-
Eq. (B.$) in Egs.|[(112). The following sections present easc cade reaches a distance from the primary source corresmpndi
calculations applied to compact binaries, using a simplegeu to y, ~ 90°. Then, the electrons cannot codlieztively because
Kutta 4 integration method. It is more convenient to perf@im the inverse Compton interaction angle diminishes and tle st
tegrations over an angular variable rather thaHere, calcula- |ar photon density decreases as they propagateyFar 90°,
tions are carried out using, the angle between the line joiningparticles escape right away from the vicinity of the compan-
the massive star to the observation point and the line of 88 ion star and no tail is produced. Second, above the threshold
Fig.ﬂ). energy, there is a competition between absorption and gamma
ray production by reprocessed pairs, particularly for $raal
gles where bothféects are large. Even if cascading increases the
transparency for gamma-rays, absorption still createp endhe
Figure[:}: presents cascade calculations féiiedeént distances spectrum. Third, well beyond the threshold energy, absorpt
from the primary gamma-ray source. For illustrative pugdise becomes infficient. Fewer pairs are created, producing a high
source is assumed isotropic and point-like, injecting a grew energy cut-& (= 10 TeV, fory = 30°). Klein-Nishina dfects
law distribution of photons with an index2 atr = 0 but no also contribute to the decrease of the high energy gamnwa-ray
electrons. The calculations were carried out for a systé&m liproduction.
LS 5039 and for a viewing anglg = 3C°. In this geomet-
ric configuration, absorption is known to be strong,(~ 40
for 200 GeV photons) and a significant fraction of the total a

sorbed energy is expected to be reprocessed in the casoaderie spectrum of pairs produced in the cascade as seen at infin-

verse Compton scattering being also veffyogent in this config- ity is shown in figurell4. The density depends strongly on the

uration. viewing angle as expected, but the mean energy of pairsties a
Close to the source (s d with d the orbital separation), very high energies(Ec) 2 100 GeV, see TabIE 1). The accu-

absorption produces a sharp and deep dip in the spectrum (lighulation of very high energy particles can be explained by tw

dashed line) but the cascade starts to fill the gap (blacki sofioncurrent &ects. Far from the massive star$ d), most of the

line). The angley; increases with the distanceo the primary pairs are created at very high energy due to the large thicesho

source. Hence, the threshold energy for pair productiaeases energy (almost rear-end collision). The secofféat is that in-

as well. Cascading adds more flux to higher energy gamma-rgg¢sse Compton losses are in deep Klein-Nishina regime fgr hi

where absorption is maximum. The cascade produces an exegssrgy electrons. The cooling timescale increases andiExo

of low energy gamma-rays below the minimum threshold ener@gytger than the propagation timescale of electrons clogbeo

e ~ 30 GeV. Because these new photons do ndesdfrom companion star, producing an accumulation of pairs at vigity h

absorption, they accumulate at lower energies. This is & wednergies.

known feature of cascading. The distribution of pairs allows to assess the fraction ef th

total absorbed energy escaping the system in the form ofi&ine

energy in the pairs. This non-radiated powegican be compared

to the radiated power released in the casddd&nergy conser-

This section investigates anisotropiteets in the developmentvation yields the total absorbed powy = Pe + P;.

of the cascade as seen by a distant observer. Cascades are conThe asymptotic radiated power reached by the cascade is

puted for diferent viewing angley at infinity, assuming an compared to the total absorbed power integrated over energy

isotropic power-law spectrum for the primary gamma-rays. Table[}. The fraction of lost energy increases with the view-
The left panel in figure[.’l; shows the complete spectrum taking angle. In fact, fory > 90° most of the power remains

ing into account cascading (solid line) compared to the pbre in kinetic energy. Once the electrons are created, only a few

sorbed power-law (dashed line). Due to the angular depeedehave time to radiate through inverse Compton interactiefoB

in the pair production process, larger viewing angles shift (y < 90°), the radiative power dominates and the cascade is very

cascade contribution to higher energies and decrease fih-anefficient (recycling éiciency up to 80% foy = 30°). The cas-

tude (Fig.ﬂ%right panel). The cascade flux is small enough to beade is fully linear, since the power re-radiated remainghmu

ignored fory 2 150°. smaller than the star luminosity, < L, (Svenssdd 1947).

2.3. Cascade growth along the line of sight

§.5. Escaping pairs

2.4. Anisotropic effects
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Fig. 4. Distribution of escaping pairs seen by a distant observéiig. 5. Orbit-averaged spectra in LS 5039 at INFCA®< ¢ <

depending on the viewing angle= 30° (dashed line), 69 9¢°, 0.9, grey lines) and SUPGs(< 0.45 or¢ > 0.9, black lines)

12 and 150 (dotted line). The binary parameters are the sanamd comparisons with EGRET (dark) and HESS (light) bowties

than in Fig[B. (Hartman et dI[ 1999, Aharonian et] §l. 2006a). Dotted-déshe
lines represent the primary source of gamma-rays with pore a
sorption injected at = 0, computed with the model described

Self-interactions in the cascade are then negligible. Bwdso in Dubus et dl.[2048) for a mono-energetic and point-lile. st

a consequence of Klein-Nishina cascad]_g&S) Dashed lines show the contribution from the cascade ani thic

addition, interactions between particles in the cascaddoiMoe  solid lines the sum of the primary absorbed source and the cas
forcedly rear-end, hence highly ifiicient. cade contributions.

The created positrons will annihilate and form a 511 keV
line. However, the expected signal is very weak. The aranihil
tion cross-section is~ ~ o1 logy/y (seeeg. Longaif[199p).

The escaping positrons have a very high average Lorentz fac-
tor y 2 10° (Tab. 1) so they are unlikely to annihilate within
the system. They will thermalize and annihilate in the istielr

lar medium. Escaping positrons from gamma-ray binaries are
unlikely to contribute much to the fluse 511 keV emission.
The average number of pairs created along the orbit in LS 5039
(based on the results to be discussed in the following se€dso

Ne ~ 5x 10%® s71. This estimate does not take into account con-
tributions from triplet pair production or from the pulsamd

(for a pulsar injecting pairs witkye) ~ 10° and a luminosity of
10°% erg/s, about 18° s™! pairs are produced). Gamma-ray bi-
naries have short lifetimes and it is unlikely there is moianta

few hundred currently active in the Galaxy. Hence, the etquec E
contribution is orders-of-magnitude below the positrom fie- 0.0 0.2 0.4 0.6 0.8 10
quired to explain the diuse 511 keV emission~( 10** s%, orbital phase (periastron=0)
Knodlseder et @|. 20P5). Even if the positrons thermaliaseto

or within the system (because magnetic fields contain them

g 6. Computed light-curves along the orbit in LS 5039, in the
$5) then, followinglGuessoum eflg]. (2006, the expectedrcontHESS energy band (flux 100 GeV). The cascade contribution
bution from a single source at 2 kpc would be at mo4i0~° ph

] o (dashed line) is compared to the primary pure absorbed sourc
e s, which is currently well below detectability. (dotted-dashed line) and HESS observations. The thick Bo&

shows the sum of both components.

normalised lightcurve

3. Cascading in LS 5039

LS 5039 was detected by HESS (Aharonian ¢f al. P005) and the

orbital modulation of the TeV gamma-ray flux was later on reserved close to superior conjunction where a significant ex-
ported in[Aharonian et al| (20Q6a). Most of the temporal armkss has been detected (6.4t phase 0.80.05). The primary
spectral features can be understood as a result of anigotragamma-rays should be completely attenuated. The aim of this
gamma-ray absorption and emission from relativistic etex® partis to find if cascading can account for this observed Tl
accelerated in the immediate vicinity of the compact ohjeatascade is assumed to develop freely from the primary gamma-
e.g. in the pulsar wind termination shock (Dubus e}[al. 2008)ay source up to the observer. The contribution of the casaad
However, this description fails to explain the residual fabe a function of the orbital phase is also investigated.
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The primary source of gamma-rays now considered is thay flux at every orbital phases. Cascade emission can still b
spectrum calculated ifi Dubus ef] dl. (2p08). Figﬂre 5 showieable all along the orbit in LS 5039, yet form a more weakly
phase-averaged spectra along the orbit at INFC (orbitadgphanodulated background in the light-curve on account of the ca
045 < ¢ < 0.9) and SUPC¢ < 0.45 or¢ > 0.9) for the cade radiation redistribution at other phases. The streagtl
primary source, the cascade and the sum of both componestsicture of the surrounding magnetic field (from both 3thes
The orbital parameters and the distance (2.5 kpc) are taken f a strong influence on the cascafle (Sierpowska & Bedparek 2005
[Casares et iall (20P5) for an inclinatior: 60° soy varies be- Bosch-Ramon et #. Zoaiﬂa,b). More realistic pair cascachihg
tween 30 — 150°. The cascade contribution is highly variableulations cannot be treated with the semi-analytical aqgit@x-
along the orbit and dominates at SUPC &z 30 GeV, where posed here. Complementary investigations using a Monti® Car
a large pair-production rate is expected. At INFC, casaiin approach are needed to better appreciate the cascadebaentri
small and negligible compared with the primary flux. Withrpaition in gamma-ray binaries.
cascading the spectralffirences between INFC and SUPC are Finally, the cascade will be quenched if the created pases lo
very small at VHE, contrary to what is observed by HESS. In trenergy to synchrotron rather than inverse Compton scagteri
GeV band, cascades contribute to a spectral hardening &€ SUFhis requires ambient magnetic fiels =z 5 G, as found by
close to 10-30 GeV. equating the radiative timescales for a 1 TeV electron aaper
Orbital light-curves in the HESS energy band give a bettéon in LS 5039. Such ambient magnetic field strengths coelld b
appreciation of the contribution from both components (Ebg reached close to the companion star. In this case an afi@nat
The contribution from cascading is anti-correlated with gni- explanation is needed to account for the flux at superior con-
mary absorbed flux. The cascade light-curve is minimum at ijunction. A natural one to consider is that the primary gamma
ferior conjunction § ~ 0.72). The non trivial double peakedray source is more distant to the massive star. The VHE source
structure of the lightcurve at phases 0.85-0.35 is due topesmwould not be coincident with the compact object location-any
tition in the cascade between absorption and inverse Camptoore and would diier less from absorption. In the microquasar
emission. Absorption has a slight edge at superior conjamct scenario| Bednargk (2407) can account for consistent fltix wi
(¢ ~ 0.06), producing a dip at this phase. Elsewhere, the primafESS observations at superior conjunction if some elestaoa
contribution dominates over the cascade emission. At l@mer injected well above the orbital plane (jet altitude 10R,). In
ergies € < 10 GeV), the cascade contribution is undistinguistaddition to LS 5039, this possibility was also consideredlie
able from the primary source. system Cyg %1 by[Bosch-Ramon et k[ (2048b) and Zdziarski
In this configuration, the cascade does add VHE gamma-reiyal. {200P).
emission close to superior conjunction but the expectettiton In practice, reality may consist of a complex three-
tion overestimates HESS observations. Decreasing thmaacl dimensional cascade partly diluted and partly quenchedrt&p
tion of the system does not help: the cascade flux in the TeV @ng upon position, angle and magnetic field configuration.
ergy band increases, since the primary source is on averoamrr)A coted D thanks A Mastichiadis for di _ S
absorbed along the orbit (s§8 inDubuf 2006). Far< 30°, the ~ Acknowledgements. anks A. Mastichiadis for discussions on riplet pair
cascade contribution dominates the primary flux at everitairb pgg‘fggjégohésﬁ'v ork was supported by taropean Community via contract
phases in the VHE band. One-dimension cascades can be ruled '
out by the current HESS observations of LS 5039.

Appendix A: Pair production

4. Conclusion The main equations for the pair production process are Yriefl

Thi lored the i t of di ional pairazhs presented here. Detailed calculations can be found in G&uld
IS paper explored the Impact ot one-dimensiona: pair CSchr’eder|(19¢7§, Bonometto & Reds (1971) and Bottcher &

ing on the formation of the very high energy radiation fro Y

gamma-ray binaries in general, LS 5039 specifically. A :’E,J}gnri%(:h“Ckelser 1997).

icant fraction of the total absorbed energy can be reprecess

lower energy by the cascade, decreasing the global opafcity/01. Kinematics and cross-sections

the primary source. Anisotropidfects also play a major role on

the cascade radiation spectrum seen by a distant observer.
A large contribution from cascading is expected in LS 503

The interaction of a gamma-ray photon of eneegyand a soft
Qhoton of energy in the observer frame leads to the production

large enough that it significantly overestimates the flux of] @0 €lectron-positron pair if the total available enemytie
served by HESS. One-dimensional cascading is fioient in center-of-mass (CM) frame is greater than the rest masggner

redistributing the absorbed primary flux and can be ruled oﬁf the pair

However, the fact that it overestimates the observed fluxmedye, ¢, (1 - cosgp) > 4méc?, (A.1)

a more general cascade cannot be ruled out (it would have been

if the HESS flux had been underestimated). If the ambient magherem is the electron mass amg the angle between the two
netic field is large enoughB(> 1078 G) the pairs will be de- incoming photons in the observer frame. It is useful to detfiee
flected from the line-of-sight. FOB 2 1072 G the Larmor ra- Lorentz invariants = ;e (1 — costp) /2. Pairs are produced if
dius of a TeV electron becomes smaller than the LS 5039 drbita> méc* and the velocitys of the electron-positron pair in the
separation and the pairs will be more and more isotropised IBM frame isg = (1 — méc*/9)Y2.

cally. All of this will tend to dilute cascade emission comgé The diferential cross-sectiodo,,/d(8coss;) in the CM

to the one-dimensional case, which should therefore be sdeme depends op and the angle?; between the outcom-
as an upper limit to the cascade contribution at orbital phasng electron-positron pair and the incoming photons. THe fu
where absorption is strong, particularly at superior cogfion. expression can be found ieg. Bonometto & Reés[(19}1),
The initiated cascade will be three-dimensional as poioigd Eq. (2.7). The dferential cross-section presents a symmetric
by Bednardk[(1997). Each point in the binary system becomesteucture, peaked at c@s = +1 and minimum for cog, = 0.
potential secondary source able to contribute to the tatalrga- Electrons are mostly created in the same and opposite idinect
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with respect to the incoming hard photon direction in the CM.3. Pair density

frame. The double peaked structure is enhanced with iniaga : .
energy 6 > mgc?) and becomes less pronounced close to fﬂ@e number of pair created per unit of length path _and elactro
ghergy depends on the probability to create a pair and on the

threshold § ~ m&c?). The integration over the angles gives th o . ! -
total pair SFOdﬁEtign CfOSS-SgCti@%, maximum glosegto the Probability for the incoming gamma-ray to remain unabsdrbe

threshold (see Eq. 1 {n Gould & Schrdder 1967). up to the point of observation so that
The construction of the CM frame with respect to the obgn, e )
server frame can be simplified if one of the incoming photorgigg. = {gw (Ee) + 9yy (2 - Ee)}e . (A7)

carries most of the energy. This case is appropriate in tascot

context. Fore; > &, the CM frame can be considered as pro@Because of the symmetry ig,, and since electrons and
agating along the same direction as the high energy phote. Positrons cannot be distinguished hagg,(e1 — Ee) = 9y, (Ee).
velocity of the CM frame in the observer frame can be expisséhe integration over electron energy yields

as

dN dr
[y %s vz s Te = 2( f gw(Ee)dEe) el = 2T”e-fw<'>. (A.8)
B = _e_f - (A.2)

The total number of pairs produced by a single gamma-ray

The total energy of say the electr&gin the observer frame canbathed in a soft radiation along the pathp to the distance

then be formulated using the Lorentz transform from the CM tg then

the observer frames

12 Ne(r) = 2(1- e ™). (A.9)

Ee=y [51/2 +p (s— nﬁc“) cos@'l], (A.3)
For low opacityr,, < 1, pair production is in@icient and the

providing a relation betweeBe and co9;. number of particles produced tends<d@r,,. For high opacity

7,, > 1, a pair is always created.

A.2. Rate of absorption and pair spectrum kernels
A gamma-ray photon going through a soft photon gas of densﬁppend'x B: Anisotropic pair production kernel

dn/dedQ is absorbed at a rate per unit of path lenigth This section is dedicated to the calculation of the pair gyer
dr dn spectrum produced in the interaction between a single gamma
dlw = ff 3o (1 - cosb) o, dedQ. (A.4) ray photon of energy; and a mono-energetic beam of soft pho-

tons. The general expression in EEA.S) can be reformdlate

The absorption rate gives the probability for a gamma-ragmef using the relativistic invariarg

ergy 1 to be absorbed but does not give the energy of the pair

created in the interaction. 9, = 4 fff s _dn doy, dedsdg (B.1)
Following [Bonometto & Regq (19[71), the probability for & € €2 dedQ dE ' '

gamma-ray of energy; to be absorbed betwedrand| + dl

yielding an electron of energy betweEgandE, + dE (with a Combining the expz)ressionﬁfwith the equations EQE-E@
positron of energfe: ~ e, — Ee for e > €) is and definingx = y’4, the diferential cross-section variables can

be written as

dn doy, U
gyy = m (1 - COSH) dE dedQ. (A5) 4rngc4x / : 2Ee -
JJ ded ™ e | Ao =|1- %) | peosty= ——L (B2)
As with anisotropic inverse Compton scatterifig (Dubus gt al € a(1-1)

p008), it is useful to consider the case of a monoenergetimbe _ . _
of soft photons. The normalised soft photon density in the ofjhe diferential cross-section can then be expressed as
server frame is

dn doy, _ doy, d (ﬁ COSH’l)
dedo = 6 (e — &) 6 (cOsH — costy) § (¢ — ¢o) , (A.6) dEe d(,BCOSH'l) dEe
where § is the Dirac distribution. Injecting Eq.[ (A.6) into 2 doy,
Eq. (A§) gives the anisotropic pair production kernel, a<o = N2 g ) (B.3)
venient tool for spectral computations. The detailed dattan €1 (1 - ;) ('B co 1)

is presented in Appendix B and the complete expression giv_?ﬁ

in EqQ. ). The pair production kernel has a strong angigar € complete 96“‘??&" fOfm“'a_tO_ComPUt.e the spectrum of the

pendence and a symmetric structure, centeregh at e;/2 and Pair for a non-specified soft radiation field is

pheaked IaIEe = Edi (sede ,lAppendb;] B,hFi(lj). 'rl;he(fe(r:]t of . @ 1 2 dn  do,

the anglef, is reduced close to the threshold where the par y=—fff— -

cles share equally the energy of the primary gamma-ray photo 4 €2x? (1 - %)1/2 ded€ d(g costy)

Ec ~ Ee = /2. Far from the threshold, one particle carries )

away almost all the available energy ~ e;. corresponding to Eq. (2.14) [n Bonometto & Reps (1971). The
The anisotropic kernel integrated over all the pitch angtes injection of a mono-energetic and unidirectional soft imot

the case of an isotropic gas of photons, is consistent withen-  density (Eq[A) in this last equation yields

nel found byfAharonian et hI[ (1983). Note that a generalesqr 2(1-yo) do

sion for the anisotropic kernel valid beyond the approxiorat g,, = 172 s -

e1 >  is presented if Bottcher & Schlickeikér (1p97). € (1 - %) d(scost;)

dedxdg, (B.4)

{8 (x0) . B cost; (x0)} » (B.5)
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Fig.B.1. Anisotropic pair production kerng,, with & set at

1 eV for a head-on collisiond§ = x). The kernel is com-
puted fore; = 265 GeV (dotted line), 300 GeV, 500 GeV,
1 TeV and 10 TeV (dashed line). The yielding of pairs occurs
for ¢ > 260 GeV.

wherepug = cosép and
€1
X0 = -
260 (1 — po)

This expression is valid fan > e ands > méc*. The minimum
E_ and maximunE, energy reached by the particles is set by
the kinematics of the reaction and given by

1/2 40 \1/2
Eizﬂ[li(l—%) (1—4”%#) } (B.7)

2 &

(B.6)

Figure presents the pair production kernel fdfedent in-
coming gamma-ray energy.

Note that a kernel can be calculated as well for the absarptio
rate. Injecting Eq.[(A]6) into Eq[ (A4) is straightforwaashd
gives

dr
TW = (1 - cosbp) oy, (B) . (B.8)
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